Aims/hypothesis. We modelled the three-dimensional structure of I-A g7 , the chief genetic component of diabetes in non-obese diabetic mice, to understand the unusual properties of this molecule. Methods. Modelling was done, in complex with established antigenic peptides, based on the structure of I-A k . Results. The selectivity of the I-A g7 molecule changes greatly at pockets 9 and 6 but hardly at all at pockets 1, 4 and 7, between endosomal pH (5.0) and extracellular pH (7.0), in agreement with previous results. This selectivity is attributed to the unique combination of b9His, b56His and b57Ser. The positive charges in and around pocket 9 at pH 5, favour binding by negatively charged residues. At pH 7 however, the uncharged a68, b9 and b56 histidines favour the accommodation of the bulky residues lysine, arginine, phenylalanine and tyrosine at pocket 9. The combination of b9His and a66Glu is responsible for the pHdependent selectivity at pocket 6. Furthermore, the lack of repulsion between b56His and a76Arg at pH 7 leads to a more stable ternary complex. Conclusion/interpretation. These results reconcile previous conflicts over the peptide binding ability of I-A g7 and its motif. They furthermore provide possible explanations for the short lifetime of cell-surface I-A g7 complexes in vivo, the higher threshold of thymic negative selection and inherent self-reactivity shown by immunocytes in these mice and the protection from diabetes afforded to them by several transgenically expressed mouse class II alleles. This contributes to an understanding of the pathogenesis of Type I (insulin-dependent) diabetes mellitus in this animal. [Diabetologia (2000) 43: 609±624] Keywords Autoimmunity, I-A g7 molecule, MHC class II structure, protein modelling, NOD mice, Type I diabetes mellitus.
that the chief genetic determinant of diabetes is the unique MHC class II allele of this mouse, termed I-A g7 [2, 3] . The MHC class II molecules exist on professional antigen-presenting cells (APCs, i. e. dendritic cells, B lymphocytes and macrophages). They capture processed antigen fragments, forming complexes that are presented to CD4 + helper T-cells. Because of a deletion in their H-2/I-Ea gene, NOD mice do not express an I-E molecule [4] . Sequencing of the I-A g7 molecule showed a number of remarkable features in its beta chain; a histidine in position 56 and a serine in position 57 [5] . The histidine is unique to I-A g7 of all known mouse, rat, porcine, bovine and human MHC class II alleles [6, 7] . The b57Ser is unique to the I-A g7 of all mouse MHC class II alleles but is Diabetologia (2000) 43: 609±624
Modelling of the MHC II allele I-A g7 of NOD mouse: pH-dependent changes in specificity at pockets 9 and 6 explain several of the unique properties of this molecule , the chief genetic component of diabetes in non-obese diabetic mice, to understand the unusual properties of this molecule. Methods. Modelling was done, in complex with established antigenic peptides, based on the structure of I-A k . Results. The selectivity of the I-A g7 molecule changes greatly at pockets 9 and 6 but hardly at all at pockets 1, 4 and 7, between endosomal pH (5.0) and extracellular pH (7.0), in agreement with previous results. This selectivity is attributed to the unique combination of b9His, b56His and b57Ser. The positive charges in and around pocket 9 at pH 5, favour binding by negatively charged residues. At pH 7 however, the uncharged a68, b9 and b56 histidines favour the accommodation of the bulky residues lysine, arginine, phenylalanine and tyrosine at pocket 9. The combination of b9His and a66Glu is responsible for the pHdependent selectivity at pocket 6. Furthermore, the lack of repulsion between b56His and a76Arg at pH 7 leads to a more stable ternary complex. Conclusion/interpretation. These results reconcile previous conflicts over the peptide binding ability of I-A g7 and its motif. They furthermore provide possible explanations for the short lifetime of cell-surface I-A g7 complexes in vivo, the higher threshold of thymic negative selection and inherent self-reactivity shown by immunocytes in these mice and the protection from diabetes afforded to them by several transgenically expressed mouse class II alleles. This contributes to an understanding of the pathogenesis of Type I (insulin-dependent) diabetes mellitus in this animal. [Diabetologia (2000) 43: 609±624] Keywords Autoimmunity, I-A g7 molecule, MHC class II structure, protein modelling, NOD mice, Type I diabetes mellitus.
also found in a number of such alleles in rat and humans [6] . Specifically in humans, the b57 position is polymorphic and has been identified early on as one of the key determinants of diabetes susceptibility, which is associated with the absence of aspartate in susceptible HLA-DQ alleles [8] . The alpha chain of I-A g7 is identical to that of I-A d [1, 4] . Establishing the three-dimensional structure of seven different MHC class II alleles, DR1, DR2, DR3, DR4, I-E k , I-A d and I-A k , each in complex with an antigenic peptide, has allowed the delineation of the binding rules and motifs of antigenic peptides to such molecules [9±15] . The overall shape of mouse and human MHC class II alleles is very similar. In the antigen-binding domain, a1b1, the binding groove is formed by two antiparallel a-helical ªwallsº to either side of a b-pleated sheet floor. The antigenic peptide fits into the groove with its backbone nearly parallel to the axes of the a-helical walls and its amino and carboxy termini projecting out of the two openings of the groove. The specificity in the binding of various residues of the antigenic peptide is provided by several depressions in the antigen-binding groove, termed ªpocketsº. The binding and crystallographic data show unequivocally that in human HLA-DR molecules, and their mouse counterparts H-2/I-E, the pockets for the binding of residues from the antigenic peptide occur at relative positions 1, 4, 6, 7 and 9, designated as pocket (p)1, p4 etc. [16] . Bound peptides isolated from MHC II molecules can be 11±22 residues long, containing the nonamer core flanked by a few to several amino acids on either side [16] . The non-specific mode of peptide binding is facilitated by the several strategically positioned polar residues. Many of them are invariant and mostly they are from the a1 and b1 helices that form hydrogen bonds to select amide and carbonyl groups of the bound antigenic peptide. The only structural features unique to mouse I-A alleles occur in the a1b1 antigen binding domain; a b-bulge at position a9 and an amino acid insertion at b84 a (for an explanation of notation see Materials and methods and Fig. 1 ), 10 residues earlier than assumed previously [6, 14, 15, 17] .
Contrasting findings by several laboratories range from the unique I-A g7 molecule being a poor [18] or a good binder [19±27] of antigenic peptides with sharply varying specificities at pockets 6 and 9 [21±23]. One study found purified I-A g7 to be a very weak binder of several antigenic peptides at pH 5.5
[18] but three other studies done at pH 4.5 to 5.5 and using mostly different peptides, reported binding affinities in the low to mid-mmol/l range [24±26] . Another study tested binding at pH 5 of peptide 12 from mouse heat-shock protein 60 (hsp60) to activated, and then paraformaldehyde-fixed, peritoneal macrophages of NOD mice, thus deriving a motif for the various pockets of the I-A g7 allele [21] . In a subsequent binding/stability study, also at pH 5, the same group reported similar results [23] . By contrast, binding of the immunogenic [28] hen egg white lysozyme (HEL) 10±22 peptide and several of its variants to purified I-A g7 molecules was tested in another study at pH 7, where a higher affinity [concentration for 50 % inhibition of binding (IC 50 ) = 295 nmol/l] for the peptide and a different motif were established [22] . These peptides were also tested for activation of a HEL10±22-specific, I-A g7 -restricted T-cell hybridoma [22] . -eluted peptides derived from mouse serum albumin and transferrin [19, 26] .
Materials and methods
Coordinates of crystal structure, I-A g7 and peptide alignments and amino acid conformations for modelling. The coordinates of the I-A k complexed to the HEL50±62 peptide [14] were obtained from Dr. D. Fremont and the Protein Data Bank (access code 1iak). They include the positions of residues 1±181 of the alpha chain and 5±190 of the beta chain as well as the coordinates of the bound HEL50±62 peptide and those of the linker peptide connecting the carboxy-terminus of the HEL peptide to the amino terminus of the beta chain. The alignment of I-A g7 and I-A k molecules was done as in [14] . (See also Fig. 1 of this work) . The numbering scheme used for the alpha and beta chains of I-A g7 was identical to the one adopted by these authors. Modelling work was done on an Indy computer workstation (Silicon Graphics, Mountain View, Calif., USA) using the programs Insight II/Discover, versions 95.0/ 2.9.7/3.0 (Biosym Technologies/Molecular Simulations, San Diego, Calif., USA). The I-A g7 alpha chain is 87 % identical to the I-A k alpha chain in the a1 domain, and 97 % identical in the a2 domain. The I-A g7 b chain is 88 % identical to the I-A k beta chain in the b1 domain and 96 % identical in the b2 domain, a much higher homology than shown to DR1 [48] . There were no amino acid substitutions in the sequence that would be expected to greatly change the local secondary structure of I-A g7 . The individual amino acid conformations were automatically chosen by the modelling program from a library of rotamers contained in it, using the most suitable rotamer for each case. The antigenic peptides used to occupy the respective positions in the groove were those reported as immunogenic in NOD mice, either in spontaneous or induced responses [21±28, 32±47].
The ionisation state of amino acid side-chains was that at pH 5, the approximate pH of the endosomal compartment or pH 7. The register for fitting each peptide into the groove was resolved by using the results of the extensive peptide competition binding studies to I-A g7 at pH 5 and pH 7 [21, 22] . The respective motifs are called by us, but not by the authors of these works, ªpH 5 motifº and ªpH 7 motifº. The respective registers for fitting the antigenic peptides at each pH into the groove were decided by us on the basis of the motif studies (Table 1) . Energy minimisation of the I-A g7 -peptide complexes was done for most peptides in at least two different registers and at two different pH values (5 and 7). As the I-A k -HEL50±62 coordinates included a 13-mer peptide, all peptides used in the energy minimisation studies (except known cases of tested shorter peptides) included a nonamer core (p1-p9) and, wherever possible, two residues on either side of the core amino termini and carboxy termini.
The ionisation state of the three histidines (a68, b9 and b56) in and around p9 at the two pH values, was decided as follows: at pH 5, a68His and b56His are completely exposed to solvent and b9His, although at the bottom of p9, can still come in contact with the solvent, when an acidic residue is at p9 (see Results). The crystal structures of I-A k /I-A d show that there is ample room between the p9Ser/Ala residue and b9His/Val respectively for at least two solvent molecules to interpose [14, 15] . Thus b9His of I-A g7 could be in contact with bulk solvent. Therefore, b9His will be 90 % uncharged at pH 7 (pK a = 6.0).
Energy minimisation. Energy minimisation was accomplished by the steepest gradient method first, followed by the conjugate gradient method provided by the program Discover. The minimisation procedure went through 1000 cycles for each method. In the first 50 to 100 cycles of each minimisation the energy of the molecule dropped considerably but by the end of each run there were only very small changes in the energy values. Extending the number of steps in the conjugate gradient stage to 10 000 for a number of I-A g7 -peptide complexes , I-A k an I-A g7 alleles and DR1 in the a1b1 domain. The numbering used in the alpha chain and the beta chain is that proposed previously [14] . Code: .: Identity; ±: no amino acid in corresponding position (specifically, a9a and b84a); !: intermolecular hydrogen bonds between MHC class II molecule and the bound antigenic peptide; *: residues forming p1;^: residues forming p4; &: residues forming p6; | : residues forming p7; $: residues forming p9.
a In DR, a7Ile is part of p1 whereas in I-A alleles the equivalent residue is a9Tyr. b a52 and a54 are part of p1 only in I-A alleles. In I-A k alone a53 is also part of p1. In I-A g7 , modelling shows the b30 and b37 Tyr residues to participate in p9 when this pocket is occupied by Arg/Lys/Phe/Tyr at pH 7. In I-A g7 , modelling shows that b61Tyr participates in the formation of both p7 and p9. , modelling shows that b70Arg and b71Thr participate in the formation of p7, while in DR1, b71Arg is part of both pockets 4 and 7 and b70Gln is part of pocket 4 only. In the crystal structure of I-A k both residues are part of p7 while in the crystal structure of I-A d , b71Thr is part of p7 and b70Arg does not seem to participate in the formation of either pocket 
Murine hsp60
Peptides 286±300 (aa286±300) and 290±309 (p290) [24, 42] 
or 7.0 1544 1501
Murine serum albumin
Murine transferrin [19, 26] 
a References here denote sources where these peptides were shown to be antigenic. Reference 21 also contains a table aligning known immunogenic for the NOD mouse peptides in the register fulfilling the motif found by these workers (i. e. pH 5) and reference 22 makes extensive use of substitutions to verify its motif (pH 7) b The HEL 10±22 peptide is the only one from the list above that has had characterisation of its binding affinities by extensive substitution at each position, as reported [22] produced a reduction in total energy by about 2.5 % with no cross-overs in the energy differences among the different complexes. The consistent valence force field of Discover was used, which included electrostatic terms for interactions up to 16 . A simple harmonic potential rather than a Morse potential was used and no cross-terms were included. The dielectric constant used was 1/r. No account was taken of the water molecules. The coordinates of the I-A g7 complexed to peptide 12 of hsp60 at pH 5, and to the HEL10±22 peptide at pH 7, will be deposited in the Protein Data Bank and in the meantime are available from the authors.
Results
Overall structural features. We put 93 different peptide sequences in complex with I-A g7 through the energy minimisation process, at pH 5 or pH 7 or both for a total of 158 minimisations ( Table 1 ). The resulting I-A g7 molecule, whether at pH 5 or at pH 7, shows very little deviation in its secondary, tertiary and quaternary structure from that of I-A k . Figure 2 shows the overall shape of the a1b1 domain of the I-A g7 molecule in complex with peptide 12 of mouse hsp60 protein (at pH 5) and with HEL10±22 (at pH 7). Hydrogen bonds with the amide and carbonyl groups of the bound peptide are formed by the same or equivalent polar residues in the a1b1 domain as in I-A d and I-A k ( Fig. 1, 2 ; Table 2 ). The orientation of the backbones of the antigenic peptides is nearly identical to that of HEL50±62 in I-A k , i.e. they have a downward bend at the centre, because of b13Gly.
Energy minimisation. We first tested whether the minimisation procedure would reliably predict the better binding peptides as those resulting in lower to-A. K. Moustakas et al.: Modelling of I-A g7 shows motif change at p9/p6 614 A B Fig. 2 A, B . Three-dimensional structure of the modelled a1b1 domain of I-A g7 , complexed (A) with the HEL10±22 peptide (p1 as 12Met) at pH 7 and (B) with the mouse hsp60 peptide 12 at pH 5 (alpha and beta chains in ribbon form) as viewed from ªaboveº (T-cell receptor view). The a1 domain is in light blue, the b1 domain is in brick red and the antigenic peptide residues are in space-filling form. The orientation and hydrogen bonding distances were essentially the same for the various peptides modelled, regardless of the pH value. Carbon: green, oxygen: red, nitrogen: blue, hydrogen: white, sulphur: yellow : in p1E the energy was lower than that of the reference peptide-I-A g7 complex, instead of the expected higher value and in p6T and p6E, the energies were lower instead of slightly higher than that of the same reference value (Table 1 ; [21, 23] ). Likewise, there was very good correlation in 19 out of 22 cases between the energies of the substituted and truncated HEL10±22 peptides with I-A g7 in the pH 7 register and the experimentally derived affinities to this allele (discordant peptides 11±22, 12±22 and 13±22, Table 1 , [22] ); a plot of total energy against log IC 50 for the HEL peptides yielded a linear result (data not shown). We observed no statistically significant energy differences among different preferred residues in pockets 1, 4 and 7 between pH values of 5 and 7 (data not shown). Thus, any pH-dependent motif differences at these pockets are very small. A standard deviation of 5.2 kcal/mol was obtained from the repeated (ten times) minimisation, starting from a different atom each time, of the I-A g7 -HEL10±22 complex at pH 7. Therefore, we consider energy differences of ± 13.2 kcal/mol (± 2.54 SD) as significant (p < 0.01).
A comparison of energy values can be made for the same I-A g7 -peptide complex at two different pH values. Likewise, the deletion, addition or substitution of one residue to a peptide ªboundº to I-A g7 can be compared with the ªnativeº peptide bound in the same register. Comparisons of the minimised energy of different peptide-I-A g7 complexes, when the peptide sequences bear no relation to each other, have little meaning. Furthermore, as these minimisations do not consider possible interactions with water molecules, no correlation between the total energy of the various I-A g7 -peptide complexes and their respective dissociation constants can be made. Table 1 shows the total energy values obtained for several I-A g7 ±13mer antigenic peptide complexes. Within a 20-residue immunogen all possible pH 5 or 7 registers were tried, to obtain the corresponding minimised energy structures. In 36 out of 58 (62 %) cases tried, the lower energy value (at pH 5 or pH 7) was obtained when a peptide was fitted into the groove in the register fulfilling the motif concordant with the ambient pH of the I-A g7 molecule (p < 0.07 by the chi-squared test). In 9 out of 58 (16 %) cases the energy differences were non-significant and in 13 out of 58 (22 %) cases they correlated with the discordant binding register.
The complexes of several established antigens with I-A g7 yielded minimised energy values that are mostly consistent with the existence of two pH-dependent motifs at p6 and p9 (Table 1 ). In particular, the four decamers/dodecamers from mouse and equine myoglobin [amino acids (aa) 69±78] and mouse and sperm whale myoglobin [aa 110±121] contained only pH 7 motif sequences (one or more) but not a single pH 5 motif sequence. In 7 out of 8 cases these complexes had significantly lower energies at pH 7 than at 5, also in agreement with the existence of pH-dependent motifs (Table 1 ). In the immunisation of NOD mice and in proliferation studies of primed lymph node T-cells with these peptides [46, 47] , their binding to I-A g7 would not be through the endosome but at the cell membrane (ambient pH of 7.4). We conclude that the motifs already reported [21, 22] , derived from binding and proliferation studies performed at specific pH values (5 or 7, respectively), generally reflect the respective preferences at pockets 6 and 9 at the given pH values, as shown by the majority of our energy calculations.
The shape of pocket 9 at endosomal and extracellular pH. Pocket 9 of the I-A g7 molecule is composed of residues a68His, a69Asn, a72Ile, a73Leu, a76Arg, b9His, b30Tyr, b37Tyr, b57Ser and b61Tyr (Fig. 1, 3) . The substitution of b61Trp (near-universally conserved among MHC II alleles) for Tyr and the absence of a b57Asp make for a slightly more spacious p9 pocket compared to other I-A alleles. At the endosomal pH (5.0±5.5), this pocket contains three positively charged residues, b9His, a68 His and a76Arg and has another two positively charged residues, b55Arg and b56His, in its immediate vicinity (Fig. 3 A) . Because of the extensive electrostatic repulsions in pocket 9 at pH 5, the oppositely positioned a76Arg and b57Ser are 2 further apart than at pH 7, when the groove is occupied by a peptide in the pH 7 motif register (Table 3) . Our modelling showed that in all peptides fitted in the pH 5 motif register, the carboxyl group from a p9Asp/Glu would strongly interact with the a76Arg and less so with the b57Ser side-chains and thus not penetrate much into p9 (Fig. 3, Table 3 ). This arrangement would also counteract the electrostatic repulsions among these five positively charged residues of pocket 9. The distance between b9His and the terminal carboxylate from a p9Asp/Glu at pH 5 is 9±11 (Table 3). At endosomal pH water molecules would probably fill this space [14, 15] . Therefore, b9His would be exposed to solvent and become unprotonated at extracellular pH (see below).
At neutral pH there is only one positive charge in pocket 9, from a76Arg, and one close to it, that of b55Arg (Fig. 3 B) . Thus, the interaction energy between the acidic residue at p9 and nearby positively charged residues of I-A g7 is considerably decreased Fig. 3 A-C. The shape of pocket 9 seen in mono (A, C), or stereo (B) representation, with residue p9 in space filling mode and the residues from I-A g7 forming the pocket in stick and van der Waals dot surface representation. A At pH 5, containing the Asp residue of peptide 12 from murine hsp60. Residue b37Tyr is not shown, as it is mostly covered by residue p9 in the angle at which all three pictures of pocket 9 were taken. The orientation of acidic residues in p9 at pH 5 is essentially the same in all cases of antigenic peptides of Table 1 bearing such a residue. B At neutral pH with the Tyr20 residue of HEL. At endosomal pH, besides the positively charged histidines at a68, b9 and b56, there are also two positively charged arginines (a76 and b55). There is a distinctly different orientation of b55Arg and b56His at pH 7, because of the absence of electrostatic repulsions between b56His and b55Arg or a76Arg. At pH 7 the four preferred residues (Arg, Lys, Phe and Tyr) penetrate equally well into the p9 pocket, interacting with the proximal aromatic amino acids b30Tyr and b37Tyr by hydrogen bonding, p-cation, van der Waals and (in the case of Phe/Tyr) aromatic-aromatic, interaction mechanisms. C The fitting of p9Lys residue 534 from peptide 35 of mouse GAD65, i. e. from sequence 524±536, in pocket 9 at pH 7 Table 1) . Modelling of the fit of the high affinity HEL10±22 peptide and several of its variants in the neutral pH register indicates that Phe/Arg/Lys also fit well in p9, yielding low total energy values whereas non-favoured residues show the opposite ( Table 1 ). Note that with a p9Arg/Lys/Phe/Tyr there is deeper penetration into the p9 pocket, additional hydrogen bonds and many van der Waals contacts between such p9 residues and the various I-A g7 residues constituting the p9 pocket, in contrast to the situation at pH 5 with an acidic residue at p9 (Table 3) .
We examined in detail the structure of p9 of I-A g7 at pH 7 for an explanation of the unique Arg/Lys/ Phe/Tyr selectivity of this pocket [16] . The orientation of the positively charged end of a p9Arg/Lys in the models of I-A g7 at pH 7 allows maximum interaction with the aromatic ring of b37Tyr and less so of b30Tyr (Fig. 3 C, Table 3 ). This situation is identical to the p-cation interactions observed with the aromatic amino acids Tyr/Phe/Trp and positively charged Arg/Lys residues that contribute greatly to the binding between the respective groups [49]. In addition, the aliphatic parts of a72Ile and a73Leu come in close contact with the aliphatic portions of the p9Arg/Lys side-chain, as well as the p9Phe/Tyr aromatic ring, thus increasing the van der Waals contacts and the stability of the complex. The binding of Phe/ Tyr at p9 is also stabilised by a p-cation interaction between such residues and a76Arg, as the distances between the interacting groups indicate (Table 3) .
Another possible contributory factor to the aromatic preference at p9 is the presence of an extensive interacting network of seven aromatic amino acids. The array of b11Phe, b30Tyr, b37Tyr, b47Tyr, b60Tyr, b61Tyr and b67Tyr would be further stabilised by the presence of a Phe/Tyr at p9. The centre of each of these aromatic residues is less than 7 away from at least one centre of another aromatic residue (Table 3 , Fig. 3 B) , the cut-off distance for interactions of this type [50] .
The interaction of the two crucial residues of pocket 9, a76Arg and b57Ser, is important to the stability of the MHC II-peptide complex [9±15]. In the crystal structures of I-A k and I-A d , both of which exhibit the b57Asp-a76Arg salt bridge at this interphase, the various interatomic distances between interacting groups are small. In I-A g7 at pH 7 with a Phe/Tyr/ Arg/Lys occupying p9 the corresponding distances are increased by 15±40 % whereas at pH 5 and with an acidic residue in p9 the distances are further increased (Table 3) . Thus, interactions at the p9 junction become progressively weaker from I-A k /I-A d to I-A g7 both at pH 7 and pH 5 because their energy is inversely proportional to the first and higher powers of the separating distances ([51], see Discussion).
The structure of pocket 6 at endosomal and extracellular pH. Pocket 6 of I-A g7 is bounded by a11Thr, a62Asn, a65Ala, a66Glu, a69Asn, b9His and b11Phe, of which a66Glu and b9His are ionisable Fig. 4 A, B . The shape of pocket 6 of I-A g7 at A pH 5, containing the 517Glu residue of mouse GAD65 peptide 34 (aa510±522) and B neutral pH containing the 17Leu residue of HEL10±22. Carbon: green, oxygen: red, nitrogen: blue, hydrogen: white, sulphur: yellow. Representations of antigenic and pocket residues as in Fig. 3 (b9His) show the b9 residue to be part of pocket 6 as well as pocket 9 [14, 15] . Likewise, our modelling shows that b9His of I-A g7 also participates in the formation of pocket 6 and interacts with the p6 residue. In particular, at pH 5 the positively charged b9His interacts with the negatively charged a66Glu (Fig. 4 A) , an interaction that probably determines the selectivity at p6, i. e. acidic/polar residues (Table 1 ). By contrast, at pH 7, the now uncharged b9His turns away from a66Glu and towards a76Arg (Fig. 4 B) . Thus, at pH 7 pocket 6 would no longer favour the binding of acidic residues. Instead, aliphatic residues could interact well with a11Thr, a65Ala and b11Phe and are therefore favoured as shown from the energy minimisation studies (Table 1 , Fig. 4 B) .
Discussion
We have presented a structural modelling analysis of the pH-dependence of the binding preferences at pockets 6 and 9 of I-A (1), brought to the endosomal compartment (2), processed by proteolytic enzymes into peptides 15±22 residues long [16] (3); these peptides (/ : Sawtooth, : Sineware), provided they fulfil the binding motif, are exchanged with CLIP (___) in the groove of MHC class II proteins at about pH 5±5.5 (part 4) and the complexes end up on the cell membrane (5), bathed by the extracellular medium with a pH of 7.4. The possibility of dissociation and rebinding is discussed in the text and shown in Fig. 6 for HEL8±22. Thus, epitopes arising from intracellularly processed proteins must satisfy the pH 5 motif to be loaded onto I-A g7 at the endosome, and the pH 7 motif to remain bound at the cell membrane, a condition mostly satisfied in different registers. B Free peptides (either injected into animals or given in vitro) that satisfy the pH 7 motif alone, can simply displace weakly bound peptides from I-A g7 at the cell surface [63] , if they are themselves of higher affinity. This is probably best illustrated by the myoglobin nonamer and decamer peptides that contain only a pH 7 motif (Table 1) ? Fig. 6 A-D. The effect of pH-dependent motif changes on transition of the I-A g7 molecule from endosomal to extracellular pH. As pockets 1, 4, and 7 seem not to change in selectivity from one pH to the other, we depict them as indifferent ( ) whereas pockets 6 and 9 accommodate mostly acidic residues at endosomal pH (Y). At extracellular pH pocket 6 prefers an aliphatic residue ( ) whereas pocket 9 accommodates aromatic or positively charged bulky residues (S). The example depicted is that of HEL8±22 peptide. A Loading of HEL8±22 onto I-A g7 in the endosome with 15His at p6 and 18Asp at p9. B The change in pH (7.4) at the cell membrane, alters the architecture of pockets 6 and 9 that consist of one or more ionisable histidines (pK a = 6.0). C As the HEL8±22 peptide does not fit well at pH 7 in this register, the peptide dissociates from I-A g7 . D The peptide can fit into the groove at pH 7 in a register shifted by two residues to the right, i. e. with 17Leu at p6 and 20Tyr at p9. There are few peptides with residues that show intermediate affinity at p6 and p9 both at pH 5 and pH 7 and fit well at p1, p4 and p7, which could remain attached to I-A g7 at pH 7 in the register bound at pH 5. Many more peptides loaded onto I-A g7 in the endosome do not fulfil the pH 7 motif, hence dissociate from this MHC II allele at the cell surface, leading to its observed instability in vivo. It is possible that the free peptide will exchange with a complex as in B because this conformation of I-A g7 is receptive for higher affinity binding [63] A B C D on its Rous Sarcoma Virus acid protease relative while having only 33 % amino acid identity. Furthermore, this modelling was sufficiently accurate around the active site of the HIV-1 protease (where homology to acid proteases was even higher), to allow for the designing of very potent inhibitors to the enzyme [52] . The identity between I-A g7 and the base protein I-A k is more than 87 % in any domain, thus the modelled structures obtained should be highly similar to the actual ones, particularly as these two molecules share the crucial b65±66 deletion. Peptide binding and homology modelling studies of mouse and human MHC class II proteins have shown results consistent with the view that HLA-DQ and I-A alleles resemble very much the fold shown in the crystal structures of the homologous (55±65 % identity) proteins HLA-DR and I-E [53±57]. These studies also explain well the selective binding of given residues from antigenic peptides to specific pockets of the HLA-DQ/ DR and I-A/I-E molecules, such as the exclusion of acidic residues from p4 of DRB1*0402 [12] , the preferences for acidic residues at p4/p7 and tryptophan at p9 of DQ2 [55, 56] and for acidic residues at p1 of I-A k [57] and at p4 of I-E g7 [58]. Our energy calculations, like all other modelling studies, do not consider bound water molecules. Water molecules act as hydrogen bond bridges between the antigenic peptide backbone and the MHC II protein [11, 14] . Use of water molecules in the minimisation process did not seem feasible in the program used. The use of version 97 of the QUANTACHARm program (MSI, San Diego, Calif., USA) allowed us to place ten layers of water molecules over the antigen binding groove of HLA-DR1, obtaining better agreement with experimental data for the binding of peptides to DR1 (Papandreou, van Endert, Eliopoulos and Papadopoulos, unpublished results). There still is, however, no reliable approach for treating the interactions of water molecules with MHC-peptide complexes.
The allele-specific motif of I-A g7 has the remarkable property of different specificities at neutral and Table 5 . Consideration of binding of polyalanine peptide and HEL10±22 variants to I-A g7 in a different register endosomal pH, at pockets 6 and 9, as also reported from two previous independent experimental studies [21, 22] . Our modelling studies, with practically all established antigenic peptides of the NOD mouse in complex with I-A g7 , verify the pH selectivity of p6 and p9 of this MHC class II allele as manifested in the lower energy values of most complexes with I-A g7 in the concordant register (p < 0.07). For the peptides showing lower minimised energy at the discordant pH, or no significant energy difference between the two pH values, there could be other contributory factors to such binding, e. g. favourable interactions at the other pockets and interactions of particular ªupward-pointingº peptide residues with amino acids of I-A g7 (haemagglutinin p5His to a61Gln of I-A d , HEL53Tyr to water I-A k etc., [14±15]). Our physicochemical analysis attributes this unique selectivity at p6 and p9 to the combination of b9His, b56His and b57Ser. No other MHC II allele has more than one of these three substitutions [6, 7] . The histidine residues in pockets 6 and 9 are positively charged at pH 5 and uncharged at pH 7, altering considerably the preferences at these two pockets. In particular, b9His is found pointing towards a66Glu at pH 5 and towards a76Arg at pH 7 (Fig. 4) . This flipping of b9His by 180°has also been considered for I-A k [14] . These pH-dependent changes in residue selectivity at specific pockets have not been reported for any MHC class II allele, in contrast to differences in peptide affinity at pH 5 and 7 [59] . The latter concern pH-sensitive interactions of the peptide backbone with select MHC II residues [11] . The possibility of misalignment of the registers by either of the two I-A g7 motif studies (e. g. preferences at p9 and p6 of [22] match those at p7 and p4, respectively of [21] ), as suggested [60] , is ruled out by three considerations.
Firstly, there is general agreement about the preferred residues in pockets 1, 4 and 7 (Table 4) . Secondly, although a shift by two positions to the left would match some of the preferences, it would contradict several others (Table 4) . Thirdly, a shifting of the binding register of the pH 7 motif by two positions to the left would leave some of the truncated peptide variants of HEL10±22 and the polyalaninesubstituted peptides in the pH 7 binding studies without any residues at p8 and p9, despite their high affinity (IC 50 values from 25 to 300 nmol/l), a highly unlikely possibility, not reported for any MHC class II allele thus far (Table 5) . Consistent with the above, when decamer/endecamer peptides from HEL10±22 were tested for binding to purified I-A g7 molecules at pH 7, only the sequences 12±21 and 12±20, that fulfil the pH 7 motif, bound to I-A g7 (IC 50 of 1.00 and 1.25 mmol/l, respectively; [22] ). The sequence 9±18 that contains only the pH 5 motif would not bind at all (IC 50 equal to or greater than 15 mmol/l, respectively; [22] ). These results are consistent with our own energy calculations.
Additionally, the same group has found that a HEL10±22-specific, I-A g7 -restricted T-cell hybridoma responded only to the presence of the HEL12±21 peptide (p10 residue is necessary for T-cell recognition [22] ) and not to the HEL9±18 or 9±19 peptides [22] . In a previous study [28] , immunisation of NOD mice with intact HEL resulted in sensitised T-cells that would proliferate to many overlapping HEL peptides containing the pH 7 motif (aa12±20) but to none containing only the pH 5 motif (aa10±18). As the peptide in such proliferation assays is added exogenously (pH 7.4), the above results are strong evidence that at extracellular pH the HEL10±22 peptide binds to I-A g7 in one register only: with 12Met as its p1 anchor and 20Tyr its p9 anchor, i. e. fulfilling the pH 7 motif but not at all the pH 5 motif, as has been shown by us here. Furthermore, the fast that the immunogenic 69±78 and 110±120 myoglobin peptides have no pH 5 motif within their sequences but at least two pH 7 motifs, is additional evidence that the pH 7 motif is the one used by free peptides binding to I-A g7 on APCs in vivo and in vitro at extracellular pH.
In view of our results, three other binding studies deserve comment. In the first two, the proliferation of two different I-Ea52±68-specific and I-A g7 -restricted T-cell hybridomas was tested by having the mouse albumin peptide and its variants [19] , or the native I-Ea peptide and its variants [27], compete for binding to cognate APCs, at extracellular pH. The first of these established a requirement for acidic residues at the peptide's carboxy-terminus [19] . The second found that a peptide containing the T-cell contact residues and a backbone of alanines bound to I-A g7 and stimulated the T-cells. This latter peptide shows lower total energy at pH 7 according to our calculations (Table 1 ). Because at pH 7 our results allow for p9Asp in some peptides and Ala is tolerated in nearly all pockets except p6 at the same pH, the conclusions of these two studies are not at variance with what is shown here. In the third study, the binding of various peptides to purified I-A g7 at pH 5 and 7.4 was tested, as well as the selectivity of the allele for various residues at p9 [26] . The results at pH 5 are in agreement with previous studies [19, 21, 23] showing preference for an acidic residue at p9 and with our energy calculations regarding the murine CLIP, serum albumin and transferrin peptides. However, in the competitive binding studies to I-A g7 at pH 7.4, the competitor peptide was used at about 5 % saturation, making the drawing of any conclusions difficult.
Two modelling studies of I-A g7 , both based on the structure of DR1, were published [20, 21] before the pH 7 motif [22] was available. In one [21] b57Ser interacted with the p9 acidic residue whereas b56His pointed into the solvent and was considered as nonparticipating in the selectivity of pocket 9. In the other [20] , modelling of I-A g7 showed a fitting for two antigenic peptides into the groove without testing for particular residue preferences at p6 and p9. Our previous modelling study based on DR1, using the pH 5 and pH 7 motifs [48], found results similar to these reported here, yet certain interchain interactions were missed. Also certain structural features of I-A molecules, such as the b-bulge at a9a and the b84a insertion [14, 15] , were not known at the time of these studies.
Our results indicate that the I-A g7 -peptide complexes at pH 5 with the peptide in the pH 5 motif register have greater interatomic distances at the crucial p9 junction of a76Arg-b57Ser, than corresponding complexes at pH 7 ( Table 3 ). The importance of the p9 a76Arg-b57Asp junction to the peptide affinity of MHC class II alleles has been shown repeatedly [9±13, 16, 61] . As the interaction energies depend on 1/r (for charged groups), 1/r 2 (for charged-polar group interactions), and 1/r 3 (for polar group interactions), r being the distance between interacting groups, the increased distances would result in lower interaction energies and thus lower affinity, for I-A g7 -peptide complexes at endosomal pH (typical energy values for these interactions in closely spaced groups are 60, 3.6 and 0.5 kcal/mol, respectively [51]). Therefore the shorter distances between various residues around p9 at pH 7 would strengthen these interactions, leading to higher affinity binding. This conclusion is consistent with the results reported in the literature. Specifically, four binding studies at . The T-cell activation was achieved in such cases because the required serial triggering of T-cell receptors after recognition of peptide-MHC complexes is accomplished even when the free peptide concentration is well below the IC 50 value for binding of the peptide to the MHC protein [18, 22, 26, 62] .
The majority of peptide-I-A g7 complexes have lower energies when in the concordant pH motif register, which means that such peptides derived from endocytosed proteins in the endosome of APCs would probably dissociate at the cell surface (pH 7.4). If the peptide fulfils within its processed length a pH 7 motif, it is possible to rebind in the latter register. We consider it noteworthy that all peptide epitopes arising from immunisation of NOD mice with whole proteins contain both a pH 5 and a pH 7 motif within their naturally processed length [63] (Fig. 5  and 6 ). This is not the case for peptide immunisation, as exemplified by the myoglobin peptides (Table 1) .
Because of the lower concentration of dissociated peptide in extracellular space compared with that in the endosomal compartment, the percentage of such newly formed I-A g7 -peptide complexes would be low. Thus, there would be a rapid turnover of I-A g7 molecules at the cell surface. In addition, the I-A g7 -peptide complexes are of lower affinity due to weaker p9 interactions compared with b56Prob57Asp + alleles. Consequently, I-A g7 would be unstable to SDS treatment in vivo [18, 28±31] and in vitro [18, 26] . Such stability does not always correlate with high-affinity peptide binding [64] but in general this is considered to be the case [65] . From this viewpoint, our documentation of weaker expected affinities of I-A g7 to peptides is consistent with the instability of this allele to SDS. Only one laboratory has shown SDS-stability of such complexes [21, 23] , a discrepancy possibly arising from the different procedure used by this group; specifically, the incubation of the immunoprecipitated I-A g7 molecules with the high affinity hsp60 peptide 12 at a high final concentration (200 mmol/l) at pH 5, before SDS treatment. This procedure would lead to SDS-stable complexes.
The existence of a pH 5 and a pH 7 motif for p6 and p9 of I-A g7 (as shown by us here) and the low to medium affinity with which this allele generally binds to peptides at either pH, lead to pH-dependent differences in peptide affinity, possible dissociation and probable rebinding in a different register and to low apparent stability at the cell membrane. Because of such unique properties there would be relatively few high affinity I-A g7 -peptide combinations that would result in negative selection in the thymus. The latter process would operate in NOD mice at a much higher threshold of peptide affinity than it does in most other mouse strains. Therefore, the NOD mouse would have a higher than normal number of positively selected I-A g7 -restricted autoreactive CD4 + T-cells emerging from the thymus. This hypothesis has already been put forth to explain experimental findings in NOD mice [46, 66] and further evidence has been provided by another laboratory [67] .
The results of our modelling also provide a possible explanation of the protection from diabetes of NOD mice transgenically expressing modified I-A g7 or other MHC class II alleles [2, 4, 24, 68] . In all such cases the transgenically expressed MHC II molecule has a pH-invariant motif, with a higher peptide affinity and MHC II-peptide stability, due to the absence of b56His or presence of b57Asp or both. The transgenically expressed MHC II allele could eliminate or suppress the generation of diabetogenic CD4 + T-cells by ªdeterminant captureº or ªrepertoire skewingº or any other regulatory mechanism(s) [2, 24, 28 , 68±72]. Such mechanisms have been shown in NOD mice to depend on the ratio of transgene/I-A g7 expression on APCs in the thymus and the periphery [36, 68±70] .
In extrapolating our results to human Type I diabetes, it should be kept in mind that in humans the role of the b57 residue along with other subtle points in the structure of susceptible and resistant HLA-DQ alleles is paramount [2, 8, 57, 73] , as the b9His-b56His-b57Ser combination is unique to I-A g7 .
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